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19.  ABSTRACTS  (Continued) 

..  proximately  20  MW.  In  addition,  a  long  pulse  250  GHz  CARM  oscillator  experiment 
based  on  a  500  kV,  100  Amp,  1  jisec  MIG-type  thermionic  cathode  electron  gun  is 
planned.  The  design  of  these  experiments  and  the  optimization  of  CARM  oscillator 
efficiency  are  discussed. 
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DEVELOPMENT  OF  HIGH  POWER  CARM  OSCILLATORS 


1  Introduction 

There  is  now  a  considerable  research  effort  to  develop  high  power,  high  frequency  (millime¬ 
ter  wave  to  infrared)  sources  based  on  high  voltage  electron  beams.  These  devices,  the  best 
known  of  which  is  the  Free  Electron  Laser  (FEL),  are  inherently  high  power  and  produce 
high  frequencies  by  a  doppler-shift  effect  which  scales  as  the  square  of  the  relativistic  mass 
ratio  q.  The  U.S.  Naval  Research  Laboratory  (NRL)  has  recently  initiated  an  experimen¬ 
tal  program  on  a  related  device  called  the  Cyclotron  Auto-Resonance  Maser  (CARM)  [l]. 
The  frequency  of  this  device  is  doppler-upshifted  by  ~  q2  from  the  relativistic  cyclotron 
frequency  (that  is,  upshifted  by  ~  q  from  the  nonrelativistic  cyclotron  frequency).  The  ef¬ 
ficiency  potential  of  the  CARM  is  similar  to  the  gyrotron  —  of  order  20-40%  —  but  higher 
beam  quality  is  required.  Compared  to  gyrotrons,  CARM’s  can  have  larger  cavity  struc¬ 
tures  for  a  given  wavelength  and  have  lower  beam  pitch  angle.  These  properties  simplify 
beam  formation  and  reduce  self-field  effects  as  well  as  reducing  cavity  ohmic  losses. 

Because  the  interaction  occurs  with  a  forward  propagating  wave,  electrons  lose  axial 
momentum — and  axial  velocity — during  the  interaction,  and  this  leads  high  efficiency  po¬ 
tential  due  to  an  “auto-resonance”  effect.  That  is,  the  interaction  resonance  condition: 

u)  =  fcj|V||  +  flnr/  7  (1) 

— where  u>  is  the  wave  frequency,  and  U|j  are  radiation  wavenumber  and  electron  beam 
velocity  components  in  the  beam  drift  direction,  and  Onr  is  the  nonrelativistic  cyclotron 
frequency  —  is  relatively  insensitive  to  changes  in  beam  energy.  This  is  because  the  change 
in  the  relativistic  cyclotron  frequency  Q  =  Qnr/q  during  the  interaction  is  compensated  by 
a  change  in  the  the  doppler  shift  k\\v\\-  This  effect  reduces  the  detuning  of  the  resonance 
condition  during  beam-wave  energy  exchange.  A  combination  of  high  doppler  upshift  of 
the  frequency  and  high  efficiency  occurs  when  /?j.o  =  1  /'Vo  provided  that 

1  -  <  7o  2  (2) 

where  (3±  —  vL/c  and  l3pfl  =  vph/c  =  w/(A'||c).  The  autoresonance  effect  leads  to  high 
efficiencies  without  the  need  for  efficiency  enhancement  schemes  based  on  tapering  the 
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interaction  parameters. 

A  0.5  MV  CARM  has  the  potential  for  efficient,  multi-MW  operation  at  wavelengths  of 
1.1  mm  (280  GHz)  with  a  63  kG  superconducting  magnet  or  560  GHz  with  a  125  kG  magnet. 
With  a  1  MV  beam  or  operation  at  harmonics  there  is  a  potential  for  THz  frequencies.  This 
potential  makes  the  CARM  an  attractive  candidate  for  development  as  a  source  for  the 
Compact  Ignition  Tokamak  (CIT). 

The  NRL  development  effort  has  chosen  to  conduct  its  first  experiments  on  CARM  os¬ 
cillator  configurations  for  several  reasons.  The  CARM  circuit  generally  involves  a  highly 
overmoded  waveguide  structure  with  the  attendant  probability  of  mode  competition.  Com¬ 
pared  to  the  amplifier,  the  oscillator  configuration  appears  to  offer  more  alternatives  for 
mode  control.  Waveguide  cavities  with  rippled-wail  Bragg  reflectors  can  be  highly  selective 
with  respect  to  frequency  and  axial  mode  index.  On  the  other  hand  quasi-optical  cav¬ 
ities  have  excellent  transverse  mode  selectivity  transverse  mode  selectivity.  Because  the 
radiation  traverses  an  oscillator  cavity  many  times  instead  of  once  as  in  an  amplifier,  the 
interaction  length  can  be  relatively  short  and  this  helps  prevent  the  build-up  of  spurious 
oscillations  which  are  a  major  issue  for  amplifiers,  particularly  at  high  frequencies.  The 
short  interaction  length  also  helps  reduce  the  sensitivity  to  beam  velocity  spread.  Addi¬ 
tionally.  a  free-running  oscillator  does  not  require  a  source  of  input  power,  an  expensive  and 
scarce  commodity  at  submillimeter  wavelengths.  The  amplifier  also  requires  an  overmoded 
but  highly  mode  selective  and  nonbeam- intercepting  input  coupler,  a  difficult  engineering 
problem.  The  efficiency  potential  of  CARM  oscillators  and  amplifiers  appears  to  be  similar, 
of  order  20-40%.  The  circulating  power  in  a  high  Q  oscillator  is  generally  much  greater 
than  the  output  power.  This  leads  to  somewhat  greater  ohmic  losses  for  a  given  output 
power  for  the  oscillator  compared  to  the  amplifier;  however,  oscillators  can  be  designed  for 
megawatt  CW  powers. 

NRL  currently  has  an  ongoing  short  pulse  ~  50  nsec,  100  GHz  CARM  oscillator  experi¬ 
ment  based  on  a  600  kV,  200  Amp  electron  beam  produced  by  a  pulseline  accelerator.  The 
objectives  of  the  experiment  are  to  investigate  CARM  physics  and  to  demonstrate  the  high 
efficiency  potential  of  the  CARM  oscillator  at  multimegawatt  power  levels.  A  200-300  GHz 
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CARM  oscillator  based  on  a  0.5  MV  thermionic  cathode  electron  gun  is  currently  in  the 
design  and  planning  stage.  The  device  would  have  a  pulse  length  of  1  microsecond  and  be 
rep-rated.  The  goal  of  the  “long  pulse”  experiment  would  be  to  achieve  output  powers  of 
about  10  MW  and  efficiencies  in  the  20-40*#  range. 

2  CARM  Efficiency  Optimization 

Consider  the  interaction  of  the  electron  beam  with  the  TE  mode  of  a  vacuum  waveguide. 
The  transverse  electric  field  is  the  form: 

Ej_(r,  <)  =  »  {E0z  x  (3) 

where  Eq  is  the  field  amplitude,  ui  is  the  wave  angular  frequency,  and  is  the  mode  scalar 
function.  For  a  TEmn  circular  waveguide  mode  ,  the  scalar  function  is  given  by: 

i>(r)  =  CmnJm(kmnr  )eim8  (4) 

where  Jm  is  a  Bessel  function  of  the  first  kind,  m  is  the  azimuthal  index,  n  is  the  radial 
index,  and  xmn  is  the  nth  zero  of  JTO.  The  mode  normalization  coefficient  Cmn  is  given  by: 

Cmn  =  | \A  (*mn  -  m2)Jm(xmn)  J  (5) 

As  shown  by  Fliflet  [2],  application  of  single  particle  theory  to  the  CARM  interaction  for 
the  sth  harmonic  leads  to  the  following  normalized  equations  of  motion: 

E  =  (l-u)‘«»{F,<r'9}/(l-(>u)  (6) 

^7  =  [A-u  +  j(l-u)'/!-1S{iF,e-i®}]/(l-6.«)  (7) 

where  u  is  the  normalized  electron  energy: 

«  =  -J-  ( 1  -  0\\o/PPh)  (1  -  l/la) ,  (8) 

0  is  a  slowly  varying  phase,  F,  is  the  normalized  wave  amplitude  function,  which  for  the 
fundamental  harmonic  interactiqn  is  given  by: 

2e  (l  -  0\\o/PPh)  ,,  ,  lL  XIP 

1  “  i^c2liJ^W  ] 
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(  is  the  normalized  axial  coordinate: 


,  Plo  \jzSl  ,  ,, 

C  2/J„„  1  -  /»„„/&*  {“Z/C)  ’ 


(10) 


A  is  the  resonance  detuning  parameter: 

2(l  -Puo/Pph)  ,  \ 

A  =  Q2  (y  _  g-A  '  l1  _  ^11°/ Pph  ~  sn/U ) 


/?lo  (l  Pph.  ) 

and  6  is  the  electron  recoil  parameter: 


6  = 


A2 


±0 


(12) 


2/3||o(lp/i  (l  -  /!|,o/';Vi ) 

In  Equation  (9),  e  is  the  magnitude  of  the  electron  charge,  and  mo  is  the  electron  mass. 
The  electron  axial  and  transverse  momenta  are  given  by: 


P\\  =  7omec/?||0  (1  -  bu) 


Pi  =  7 0mec/310xfi-u 


(13) 

(14) 


The  electron  recoil  parameter  6  characterizes  how  the  axial  momentum  varies  with  beam 
energy;  as  shown  in  Eq.(14),  the  larger  6  is,  the  more  rapidly  the  axial  momentum  decreases 
with  decrease  in  7.  The  CARM  interaction  is  characterized  by  b  ~0.3-0.6,  the  gyrotron 
regime  is  obtained  by  setting  6  =  0. 

The  electronic  efficiency  can  be  written  in  the  form:  7  =  7^7  where  ijsr>  is  the  is  the 
single  particle  efficiency  given  by: 

„  (15) 

and  17  is  the  normalized  efficiency  given  by: 

77  =  /  u(fi,Q0)dQ0  (16) 

where  ji  denotes  the  normalized  interaction  length  and  0O  is  the  initial  value  of  the  slowly 
varying  phase  parameter.  For  a  given  harmonic,  recoil  parameter,  and  axial  profile  for  the 
wave  field,  the  normalized  efficiency  for  optimized  A  can  be  presented  on  an  F  —  /x  plot 
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similar  to  the  plot  used  to  characterize  the  gyrotron  [3],  The  parameter  /■'  defined  in  tins 
paper  divided  by  two  is  equal  to  the  amplitude  parameter  F  defined  by  Danly  ct  al  [3]  in 
the  limit:  b  — *  0,  3Ph  — »  co.  A  plot  of  optimized  constant  normalized  efficiency  contours  as 
a  function  of  F  and  ft  is  shown  for  the  case  of  b  =  0.4  and  constant  wave  field  amplitude  in 
Figure  1.  The  corresponding  iso-A  values  are  shown  in  Figure  2.  f  igures  1  and  2  show  that 
for  a  constant  field  profile,  the  maximum  normalized  efficiency  is  ~  3G%  and  the  optimum 
parameters  are  F  —  0.2,  fi  =  8,  and  A  =  0.6.  It  is  of  interest  to  note  that  in  the  gyrotron 
limit  ( b  —  0),  the  optimum  normalized  efficiency  is  42%.  In  the  case  of  the  gyrotron  the 
normalized  efficiency  can  be  increased  to  over  70%  by  suitably  profiling  the  axial  profile  of 
the  wave  field  and  it  is  expected  that  a  similar  enhancement  for  the  CARM  can  be  achieved 
using  this  technique. 

3  Short-Pulse  100  GHz  CARM  Oscillator 

A  Proof-of- Principle  experiment  based  on  a  waveguide  cavity  with  a  Bragg  reflectors  has 
been  set  up  to  investigate  the  CARM  configuration.  The  device  is  designed  to  operate 
at  i JO  CIL.  with  a  600  KV,  200  Amp  electron  beam  produced  by  a  pulseline  accelerator 
with  a  pulselength  of  ~  50  nsec.  The  choice  of  beam  and  cavity  parameters  is  based  on 
the  theory  outlined  in  Section  2.  This  theory,  which  assumes  a  cold  beam,  predicts  an 
efficiency  of  20%  at  a  power  of  24  MW.  A  schematic  of  the  device  configuration  is  shown 
in  Figure  3.  The  annular  electron  beam  propagates  near  the  wall  of  the  Bragg  i effector 
waveguide  cavity  which  has  been  optimized  for  the  TEtjl  circular  waveguide  mode. 

The  ability  to  produce  a  high  quality  beam  is  considered  critical  to  the  success  of  this 
experiment,  a  major  objective  of  which  is  to  demonstrate  high  efficiency  for  the  CARM  in¬ 
teraction.  The  beam  quality  requirement  can  be  estimated  by  a  simp'c  coherence  argument . 
The  constraint  on  axial  velocity  spread  is: 

A<’nA’,|  <  A/(2 L)  (17) 

for  no  spread  in  beam  energy.  Equation  (17)  can  readily  be  expressed  as  a  constraint  on 
pitch  angle  spread.  The  constraint  on  energy  spread  for  a  beam  with  no  pitch  angle  spread 
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IS 


(18) 


Ay  (1  ~^)(A/2  L) 

*>  (i  +  oj)(n/-,>  -  v2) 

whue  q  is  the  average  momentum  pitch  ratio  of  the  beam.  These  relationships  lead  to  the 
curves  for  axial  momentum,  pitch  angle,  and  energy  spread  shown  in  Figure  1  for  a  600 
kY  CARM  with  J_l  =  l/'u-  These  curves  sliow  that  there  is  greater  sensitivity  to  pitch 
angle  spread  than  to  energy  spread,  a  feature  related  to  the  auto-resonant  character  of  the 
interaction.  Note  that  the  denominator  of  Eq.(18)  can  be  small  when  7  1  since  in  this 

case  for  the  CARM  w’/G  ~  7 J.  The  required  tolerances  are  considered  achievable  except  for 
group  velocities  very  close  to  the  speed  of  light.  To  minimize  sensitivity  to  beam  velocity 
spread,  a  group  velocity  of  0.86c  was  chosen  for  the  100  GHz  short  pulse  experiment. 

Fhe  cold  cathode  diode  is  expected  to  produce  a  highly  laminar  space-charge-limited-flow 
beam  via  the  use  of  nonemitting  focussing  electrodes.  The  cathode  is  anodized  aluminum 
with  a  velvet  or  graphite  emitting  surface.  The  diode  is  expected  to  produce  a  high  quality 
beam  with  only  a  few  percent  spread  in  axial  momentum.  This  diode  is  based  on  a  theory 
of  relativistic  laminar  flow  diodes  recently  developed  at  NRL  by  Finn,  Fliflet  and  Man- 
heirner  [4],  The  transverse  momentum  required  for  the  CARM  interaction  is  provided  by 
r  nonadiabatic  dip  in  the  applied  magnetic  field  followed  by  adiabatic  compression  of  the 
magnetic  field  [5],  Simulations  of  the  beam  formation  system  carried  out  using  the  Her- 
rmanusfeldt  Electron  Trajectory  Code  [6]  indicate  that  an  axial  velocity  spread  of  about 
3%  in  the  interaction  region  should  be  obtainable  with  this  system. 

An  important  feature  of  the  Bragg  reflector  cavity  is  that  it  is  has  a  high  Q  factor  for 
only  a  limited  range  of  axial  wavenumbers.  Our  design  studies  for  the  100  GHz  CARM 
experiment  indicate  that  this  type  of  cavity  can  be  highly  selective  with  respect  to  both 
transverse  and  longitudinal  mode  indices  [7', 8],  Other  advantages  of  this  type  of  resonator 
include  compactness  which  facilitates  beam  transport  and  magnet  design,  and  the  possi¬ 
bility  of  profiling  the  cavity  fields  for  efficiency  enhancement  similarly  to  what  is  done  for 
gyrot rons.  A  Bragg  cavity  and  associated  radiation  profile  arc  shown  in  Figure  5.  The  depth 
of  the  Bragg  ripples  is  considerably  exaggerated.  The  TE6j  whispering  gallery  mode  with 
Q  1500  was  chosen  as  the  operating  mode.  This  type  of  mode  couples  well  to  both  the 
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electron  beam  and  to  the  Bragg  reflectors.  Other  whispering  gallery  modes  with  radial  in¬ 
dex  n  =  1  represent  the  principal  C ARM-type  competing  modes.  The  frequency  separation 
of  3  Cl  Hz  should  prevent  competition  bet  ween  these  modes  while  allowing  step-tunability. 
Another  important  feature  of  this  cavity  is  that  reflector  bandwidth  was  chosen  sufficienctly 
narrow  that  there  is  only  a  single  axial  mode  per  transverse  mode.  The  CARM  mode  Q 
factor  must  be  chosen  high  enough  to  prevent  competition  from  low  frequency  (gyrotron) 
modes. 

4  Long-Pulse  CARM  Oscillator 

1  he  present  000  kV.  I U0  GHz  ('ARM  oscillator  project  is  expected  to  provide  important 
data  on  the  potential  of  the  CARM  as  an  efficient  high  power  source.  However,  a  thermionic 
cathode  experiment  is  essential  for  complete  investigation  of  CARM  issues.  A  preliminary 
design  has  been  obtained  at  for  a  500  kV,  250  GHz  thermionic  cathode  device.  A  55 
kG  magnetic  field  produced  by  a  superconducting  magnet — is  required  for  operation 
with  G  =  !/'••  A  TF.ii  mode  has  been  chosen  based  on  output  power,  e-beam  size,  and 
wall  heating  considerations.  High  power  operation  in  a  waveguide  cavity  at  wavelengths 
<  1  mm  requires  group  velocities  close  to  the  speed  of  light  with  attendant  sensitivity 
to  beam  quality.  This  results  from  the  need  for  cavity  dimensions  large  compared  to  the 
wavelength  and  the  need  to  control  ohmic  heating.  A  group  velocity  of  0.97c  was  chosen  for 
the  preliminary  design.  An  output  power  of  10  MW  is  obtained  for  92%  output  reflectivity 
ami  the  wall  loading  is  about  3  kW'/cm2  for  the  optimum  efficiency  wave  amplitude.  The 
peak  electric  fields  at  the  wall  are  less  than  50  KV/cm  for  the  TEm  mode.  Operation  at 
10%  duty  factor  would  result  in  an  average  power  of  1  MW  and  an  average  wall  loading  of 
0.3  kW  /nif.  1  he  computed  >  old  beam  efficiency  is  ~  20%  and  the  required  beam  current  is 
100  Amps.  1  he  cavity  radius  is  9.3  mm  and  tin*  electron  beam  radius  for  a  beam  placed  on 
the  third  E- field  peak  this  avoids  coupling  to  whispering  gallery  modes  which  have  high 
ohmic  losses  is  5.0  mm.  An  annular  electron  beam  is  generated  by  a  temperature-limited 
MIG  type  500  kV  electron  gun.  The  cathode  emission  current  density  is  ~  10  A/cm2  at 
a  current  of  100  Amps,  a  cathode  loading  compatible  with  high  duty  factor  operation. 
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I'iie  gun  perveance  is  U.2S  // perv.  For  comparison,  the  gun  for  the  SLAC  klystron  lias  a 
perveance  of  2  //perv;  thus  space-charge  defocussing  effects  should  be  controllable.  Very 
low  pitch  angle  spread  (a  critical  CARM  requirement)  should  be  obtainable  with  this  type 
of  gun.  The  design  goal  is  an  axial  momentum  spread  of  a  few  percent.  This  experiment 
should  provide  highly  a  relevant  technology  base  for  a  burst  mode  280  GHz  source  for  CIT 
or  Alcator  C-Mod. 

A  preliminary  electrode  design  has  been  obtained  for  a  500  kV,  100  Amp,  1  //sec  pulse 
length  MIC-type  electron  gun.  Based  on  calculations  using  the  Herrmannsfeldt  Electron 
trajectory  Code,  the  electrodes  produce  a  highly  laminar,  temperature-limited,  annular 
electron  beam  with  a  final  momentum  pitch  ratio  o  ~  0.5  and  very  low  axial  vetoed  v 
spread,  A rp / rp  ~  llZ.  A  schematic  of  the  gun  is  shown  in  Figure  6. 

Volume  I  F  modes  such  as  TE0n  or  TE(n  type  modes  have  much  lower  wall  losses  due  to 
ohmic  heating  and  lower  peak  rf  fields  at  the  wall  than  whispering  gallery  (TEmi,m  1  ) 
modes  arid  are  therefore  of  interest  for  high  duty  factor  applications.  However,  special  cavity- 
designs  are  required  to  select  these  modes.  Possible  approaches  include  the  use  of  axial 
slots  to  select  TEj„  modes  or  suppression  of  axial  currents  (wire-walled  waveguide)  for  TFjr( 
modes.  Quasi-optical  cavity  configurations  will  also  be  investigated.  The  attractiveness  of 
such  cavities  increases  with  increase  in  the  radiation  frequency  since  for  high  power  it 
becomes  necessary  to  increase  cavity  size  relative  to  the  wavelength.  Open  mirror  quasi¬ 
op*  ical  cavities  also  allow  the  wave  phase  velocity  to  be  controlled  independently  of  the 
transverse  mode  or  transverse  dimensions  of  the  cavity.  As  discussed  by  Sprangle  et  al  r9], 
this  control  is  obtained  by  varying  the  angle  between  the  radiation  and  beam  propagation 
directions.  The  phase  velocity  can  also  be  chosen  to  minimize  the  effect  of  beam  energy 
spread.  Quasi-optical  cavities  have  excellent  transverse  mode  selectivity  and  should  not 
support  low  frequency  (gyrotron)  modes. 
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Figure  1 .  F  —  ji  plot  of  optimum  normalized  efficiency  for  a  constant  amplitude  wave  and 
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Figure  2 .  F  —  n  plot  of  A  corresponding  to  optimum  efficiency  for  a  constant  amplitude 
wave  and6  =  0.4. 
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Figure  4.  Electron  beam  quality  requirements  for  a  600  kV  CARM  oscillator  with  /3j_  =  I/70. 


sguide  cavity  with  Bragg  reflectors  and  associated  radiation  profile. 


500  kV  MAGNETRON  INJECTION  GUN  FOR  CARM  OSCILLATOR 


Figure  6.  Schematic  of  a  500  kV,  temperature-limited  cathode,  MIG-type  electron  gun 
for  a  250  GHz  CARM  oscillator. 


4740  DISTRIBUTION  LIST 


Air  Force  Avionics  Laboratory 
AFWAL/AADM-1 

Wright/Patterson  AFB,  Ohio  45433 
Attn:  Waiter  Friez 

Air  Force  Office  of 
Scientific  Research 
Bolling  AFB 

Washington,  D.C.  20332 
Attn:  H.  Schlossberg 

Air  Force  Weapons  Lab 
Kirkland  AFB 

Albuquerque,  New  Mexico  87117 
Attn:  Dr.  William  Baker 
Dr.  A.H.  Guenter 

Columbia  University 
520  West  120th  Street 
Department  of  Electrical  Engineering 
New  York,  N.Y.  10027 
Attn:  Dr.  S.P.  Schlesinger 
A.  Sen 

Columbia  University 
520  West  120th  Street 
Department  of  Applied  Physics 
and  Nuclear  Engineering 
New  York,  New  York  10027 
Attn:  T.C.  Marshall 
R.  Gross 

Cornell  University 

School  of  Applied  and  Engineering  Physics 
Ithica,  New  York  14853 
Attn:  Prof.  Hans  H.  Fleischmann 
John  Nation 
R.  N.  Sudan 

Creol-FEL  Research  Pavillion 
12424  Research  Parkway,  Suite  400 
Orlando,  FL  32826 
Attn:  Dr.  Luis  R.  Elias  ' 

Dr.  I.  Kimel 

Dartmouth  College 
18  Wilder,  Box  6127 
Hanover,  New  Hampshire  03755 
Attn:  Dr.  John  E.  Walsh 


1  copy 


1-  copy 


2  copies 
1  copy 


1  copy 
1  copy 


1  copy 
1  copy 


1  copy 
1  copy 
1  copy 


1  copy 
1  copy 


1  copy 


17 


Department  of  Energy 

Div.  of  Advanced  Energy  Projects 

Washington,  DC  20545 

Attn:  Dr.  R.  Gajewski 

Department  of  Energy 
The  Pentagon 
Washington,  D.C.  20545 
Attn:  C.  Finfgeld/ER-542,  GIN 
T. V.  George/ER-531 ,  GTN 
D.  Crandall/ER-55,  GTN 
Dr.  David  F.  Sutter/ER-224 ,  GTN 

Defense  Advanced  Research  Project  Agency/DEO 
1400  Wilson  Blvd. 

Arlington,  Virginia  22209 
Attn:  Dr.  S.  Shey 

Dr.  L.  Buchanan 

Defense  Communications  Agency 
Washington,  D.C.  20305 
Attn:  Dr.  Pravin  C.  Jain 

Assistant  for  Communications 
Technology 

Defense  Nuclear  Agency 
Washington,  D.C.  20305 
Attn:  Mr.  J.  Farber 

Dr.  Leon  Wittwer  (RAAE) 

Defense  Technical  Information  Center 
Cameron  Station 
5010  Duke  Street 
Alexandria,  Virginia  22314 

General  Atomics 

13-260 

Box  85608 

San  Diego,  CA  92138 
ATTO:  Dr.  J.  Doane 

Dr.  C.  Moeller 

Georgia  Tech.  EES-EOD 
Baker  Building 
Atlanta,  Georgia  30332 
Attn:  Dr.  James  J.  Gallagher 

Hanscomb  Air  Force  Base 
Stop  21,  Massachusetts  01731 
Attn:  Lt.  Rich  Nielson,dESD/TNK 


1  copy 


1  copy 
1  copy 
1  copy 
1  copy 


1  copy 
1  copy 


1  copy 


1  copy 
5  copies 


2  copies 


1  copy 
1  copy 


1  copy 


1  copy 


18 


Hughes  Aircraft  Co. 

Electron  Dynamics  Division 
3100  West  Lomita  Boulevard 
Torrance,  California  90509 
Attn:  J.  Christiansen 
J.J.  Tancredi 

Hughes  Research  Laboratory 
3011  Malibu  Canyon  Road 
Malibu,  CA  90265 
Attn:  Dr.  R.  Harvey 

Dr.  R.W.  Schumacher 

KMS  Fusion,  Inc. 

3941  Research  Park  Dr. 

P.O.  Box  1567 

Ann  Arbor,  Michigan  48106 
Attn:  S.B.  Segal 1 

Lawrence  Berkeley  Laboratory 
University  of  California 
1  Cyclotron  road 
Berkeley,  CA  94720 
Attn:  Dr.  A.M.  Sessler 

Lawrence  Livermore  National  Laboratory 
P.O.  Box  808 

Livermore,  California  94550 
Attn:  Dr.  D.  Prosnitz 

Dr.  T.J.  Orzechowski 
Dr.  J.  Chase 
Dr.  W.A.  Barletta 
Dr.  D.L.  Birx 
Dr.  R.  Briggs 
Dr.  E.T.  Scharlemann 

Los  Alamos  National  Scientific  Laboratroy 
P.O.  Box  1663,  MSJ  564 
Los  Alamos,  NM  87545 
Attn:  Dr.  Brian  Newnam 

Los  Alamos  Scientific  Laboratory 
P.O.  Box  1663,  AT5-827 
Los  Alamos,  New  Mexico  87545 
Attn:  Dr.  T.J.T.  Kwan 
Dr.  L.  Thode 
Dr.  C.  Brau 
Dr.  R.  R.  Bartsch 


1  copy 
1  copy 


1  copy 
1  copy 


1  copy 


1  copy 


1  copy 
1  copy 
1  copy 
1  copy 
1  copy 
1  copy 
1  copy 


1  copy 


1  copy 
1  copy 
1  copy 
1  copy 


19 


Massachusetts  Institute  of  Technology 


Department  of  Physics 
Cambridge,  Massachusetts  02139 

Attn:  Dr.  G.  Bekef i/36-213  1  copy 

Dr.  M.  Porkolab/NW  36-213  1  copy 

Dr.  R.  Davidson/NW  16-206  1  copy 

Dr.  A.  Bers/NW  38—260  1  copy 

Dr.  K.  Kreischer  1  copy 

Dr.  B.  Danby  1  copy 

Dr.  G.L.  Johnston  1  copy 


Massachusetts  Institute  of  Technology 
167  Albany  St.,  N.W.  16-200 
Cambridge,  Massachusetts  02139 

Attn:  Dr.  R.  Temkin/NW  14-4107  1  copy 

Spectra  Technologies 
2755  Northup  Way 
Bellevue,  Washington  98004 

Attn:  Dr.  J.M.  Slater  I  copy 

Mission  Research  Corporation 
Suite  201 

5503  Cherokee  Avenue 
Alexandria,  Virginia  22312 

Attn:  Dr.  M.  Bollen  I  copy 

Dr.  Tom  Hargreaves  1  copy 

Dr .  J .  Pasour  1  copy 

Mission  Research  Corporation 
1720  Randolph  Road,  S.E. 

Albuquerque,  New  Mexico  87106 


Attn:  Mr.  Brendan  B.  Godfrey  1  copy 

SPAWAR 

Washington,  D.C.  20363 
Attn:  E.  Warden 

Code  PDE  106—3113  1  copy 

Capt .  Fontana 

PMW  145  1  copy 

Naval  Research  Laboratory 
Addressee:  Attn:  Name/Code 

Code  1000  -  Commanding  Officer  1  copy 

Code  1001  —  T.  Coffey  1  copy 

Code  1200  -  Capt  M.A.  Howard  1  copy 

Code  1220  -  Security  1  copy 

Code  2628  -  TID  Distribution  22  copies 

Code  4000  —  W.  Ellis  1  copy 

Code  4000  —  D.  Nagel  1  copy 

Code  4700  —  S.  Ossakow  26  copies 


20 


Code  4700.1  -  A.W.  Ali  1  copy 

Code  4710  -  C.  Kapetanakos  1  copy 

Code  4740  -  Branch  Office  25  copies 

Code  4740  -  W.  Black  \  copy 

Code  4740  -  A.  Fliflet  1  copy 

Code  4740  -  S.  Gold  1  Copy 

Code  4740  -  A.  Kinkead  1  copy 

Code  4740  -  W.M.  Manheimer  1  copy 

Code  4740  -  M.  Rhinewine  1  copy 

Code  4770  -  G.  Cooperstein  1  copy 

Code  4790  -  B.  Hui  1  copy 

Code  4790  -  C.M.  Hui  1  Copy 

Code  4790  -  Y.Y.  Lau  1  copy 

Code  4790  -  P.  Sprangle  1  copy 

Code  5700  -  L.A.  Cosby  1  copy 

Code  6840  -  S.Y.  Ahn  1  Copy 

Code  6840  -  A.  Ganguly  1  copy 

Code  6840  -  R.K.  Parker  1  copy 

Code  6840  -  N.R.  Vanderplaats  1  copy 

Code  6850  -  L.R.  Whicker  1  copy 

Code  6875  -  R.  Wagner  1  copy 


Naval  Sea  Systems  Command 
Department  of  the  Navy 
Washington,  D.C.  20362 
Attn :  Commande  r 

PMS  405—300  i  copy 

Northrop  Corporation 
Defense  Systems  Division 
600  Hicks  Rd. 

Rolling  Meadows,  Illinois  60008 

Attn:  Dr.  Gunter  Dohler  1  copy 

Oak  Ridge  National  Laboratory 

P.O.  Box  Y 

Mail  Stop  3 

Building  9201-2 

Oak  Ridge,  Tennessee  37830 


Attn:  Dr.  A.  England  \  copy 

Office  of  Naval  Research 
800  N.  Quincy  Street 
Arlington,  Va.  22217 

Attn:  Dr.  C.  Roberson  1  copy 

Dr.  W.  Condell  1  Copy 

Dr.  T.  Be rl incourt  1  copy 


21 


Optical  Sciences  Center 

University  of  Arizona 

Tucson,  Arizona  85721 

Attn:  Dr.  Willis  E.  Lamb,  Jr. 

1- 

copy 

Physics  International 

2700  Merced  Street 

San  Leandro,  California  94577 

Attn:  Dr.  J.  Benford 

1 

copy 

Physical  Science  Inc. 

603  King  Street 

Alexandria,  VA  22314 

ATTN :  M .  Read 

1 

copy 

Princeton  Plasma 

Plasma  Physics  Laboratory 

James  Forrestal  Campus 

P.O.  Box  451 

Princeton,  New  Jersey  08544 

Attn:  Dr.  H.  Hsuan 

2 

copies 

Dr.  D.  Ignat 

1 

copy 

Dr.  H.  Furth 

1 

copy 

Dr.  P.  Efthimion 

1 

copy 

Dr.  F.  Perkins 

1 

copy 

Raytheon  Company 

Microwave  Power  Tube  Division 

Foundry  Avenue 

Waltham,  Massachusetts  02154 

Attn:  N.  Dionne 

1 

copy 

Sandia  National  Laboratories 

ORG.  1231,  P.O.  Box  5800 

Albuquerque,  New  Mexico  87185 

Attn:  Dr.  Thomas  P.  Wright 

1 

copy 

Mr.  J.E.  Powell 

1 

copy 

Dr.  J.  Hoffman 

1 

copy 

Dr.  W.p.  Ballard 

1 

copy 

Dr.  C.  Clark 

1 

copy 

Science  Applications,  Inc. 

1710  Goodridge  Dr. 

McLean,  Virginia  22102 

Attn:  Adam  Drobot 

1 

copy 

P.  Vitello 

1 

copy 

D.  Bacon 

1 

copy 

C.  Menyuk 

1 

copy 

Science  Research  Laboratory 

15  Ward  Street 

Somerville,  MA  02143 

Attn:  Dr.  R.  Shefer 

1 

copy 

22 

Stanford  University 

Dept,  of  Electrical  Engineering 

Stanford,  CA  94305 

Attn:  Dr.  J.  Feinstein 

Stanford  University 
High  Energy  Physics  Laboratory 
Stanford,  California  94305 
-  Attn:  Dr.  T.I.  Smith 

Stnaford  University 
•  SLAC 

Stanford,  CA  94305 
Attn:  Dr.  Jean  Labacqz 

TRW,  Inc. 

One  Space  Park 

Redondo  Beach,  California  90278 
Attn:  Dr.  H.  Boehmer 
Dr.  T.  Romisser 
Dr.  Z.  Guiragossian 

University  of  California 
Physics  Department 
Irvine,  California  92717 
Attn:  Dr.  G.  Benford 
Dr.  N.  Rostoker 

University  of  California 
Department  of  Physics 
Los  Angeles,  CA  90024 
Attn:  Dr.  A.T.  Lin 

Dr.  N.  Luhmann 
Dr.  D.  McDermott 

University  of  Maryland 
Department  of  Electrical  Engineering 
College  Park,  Maryland  20742 
Attn:  Dr.  V.  L.  Granatstein 
Dr.  W.  W.  Destler 

University  of  Maryland 
Laboratory  for  Plasma  and  Fusion 
Energy  Studies 

College  Park,  Maryland  20742 
j  Attn:  Dr.  Tom  Antonsen 

Dr.  John  Finn 
Dr.  Jhan  Varyan  Heilman 
Dr.  W.  Lawson 
Dr.  Baruch  Levush 
Dr.  Edward  Ott 
Dr.  M.  Reiser 


1  copy 


1  copy 


1  copy 


1  copy 
1  copy 
1  copy 


1  copy 
1  copy 


1  copy 
1  copy 
1  copy 


1  copy 
1  copy 


1  copy 
1  copy 
1  copy 
1  copy 
1  copy 
1  copy 
1  copy 


23 


lcopy 


University  of  Tennessee  Timothy  Calderwood  Code  2630 

Dept,  of  Electrical  Engr. 

Knoxville,  Tennessee  37916 

Attn:  Dr.  I.  Alexeff  1  copy 

University  of  New  Mexico 
Department  of  Physics  and  Astronomy 
800  Yale  Blvd,  N.E. 

Albuquerque,  New  Mexico  87131 

Attn:  Dr.  Gerald  T.  Moore  1  copy 

University  of  Utah 

Deparment  of  Electrical  Engineering 

3053  Merrill  Engineering  Bldg. 

Salt  Lake  City,  Utah  84112 

Attn:  Dr.  Larry  Barnett  1  copy 

Dr.  J.  Mark  Baird  1  copy 

Director  of  Research 
U.  S.  Naval  Academy 

Annapolis,  Maryland  21402-5021  1  copy 

U.  S.  Army 
Harry  Diamond  Labs 
2800  Powder  Mill  Road 
Adelphi,  Maryland  20783-1145 


Attn:  Dr.  Howard  Brandt  1  copy 

Dr.  Edward  Brown  1  copy 

Dr.  Stuart  Graybill  1  copy 

Dr.  A.  Kehs  1  copy 

Dr.  J.  Silverstein  1  copy 


Varian  Associates 

611  Hansen  Way 

Palo  Alto,  California  94303 


Attn:  Dr.  H.  Huey  1  copy 

Dr.  H.  Jory  1  copy 

Dr.  Kevin  Felch  1  copy 

Dr.  R.  Pendleton  1  copy 

Dr.  A.  Salop  1  copy 


Varian  Eimac  San  Carlos  Division 

301  Industrial  Way 

San  Carlos,  California  94070 

Attn:  C.  Marshall  Loring  1  copy 

Yale  University 
Applied  Physics 
Madison  Lab 
P.O.  Box  2159 
Yale  Station 

New  Haven,  Connecticut  06520 

Attn:  Dr.  I.  Bernstein  1  copy 

DIRECTOR  OF  RESEARCH  Records  lcopy 

U.  S.  NAVAL  ACADEMY 

ANNAPOLIS.  MD  21402  Cindy  Sims  Code  2634  lcopy 

2  COPIES 


24 


